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1.  SUMMARY 


Toxic  chemicals  exert  their  actions  via  several  distinct  cellular 
endpoints,  mutagenesis,  cytotoxicity  or  alterations  of  gene  expression 
by  modulating  gap  junctional  intercellular  communication. 
Intercellular  communication,  mediated  by  the  membrane  structure,  the 
gap  junction,  maintains  homeostatic  control  of  cell  functions  (i.e., 
cell  growth,  differentiation,  or  control  of  differentiated  functions), 
within  tissues  via  the  transfer  of  ions  and  small  molecules. 
Disruption  of  this  fundamental  biochemical  process  would  be  expected  to 
lead  to  a  variety  of  toxicological  endpoints.  Our  research  goal  has 
been  to  test  this  hypothesis,  namely,  that  chemical  modulation  of  gap 
junctional  intercellular  communication  can  lead  to  teratogenesis,  tumor 
promotion,  reproductive-,  immune-  and  neurotoxicities. 

To  date,  after  two  years  into  the  project,  we  have  initiated  work 
on  all  of  the  specific  aims  of  the  original  proposal.  Using  three  of 
our  newly  developed  techniques  to  measure  gap  junctional  communication 
(FRAP  analysis;  scrape-loading/ dye  transfer  and  flow  cytometry-scrape 
loading/dye  transfer) ,  we  have  provided  new  information  on  the 
mechanisms  by  which  various  chemical  inhibitors  of  gap  junctions  work 
(i.e.,  some  by  activating  protein  kinase  C;  some  by  altering 
intracellular  calcium  levels;  others  by  causing  free  radical  damage  of 
membrane  components) ;  on  how  certain  neurotoxins  and  reproductive 
toxins  work  (i.e.,  heptachlor,  heptachlor  epoxide;  JP-4  jet  fuel);  and 
how  certain  oncogenes  (i.e.,  ras)  work  to  be  tumorigenic.  We  have  also 
attained  preliminary  results  in  isolating  several  "intercellular 
communication-deficient"  mutant  cell  lines,  which  have  the  potential  of 
allowing  us  to  use  somatic  cell  genetics  to  study  the  biochemical 
mechanisms  regulating  intercellular  communication. 

2.  RESEARCH  OBJECTIVES 

The  original  objective  of  the  proposal,  namely  to  study  the  basic 
mechanisms  controlling  gap  junctional  intercellular  communication  in 
mammalian  cells,  has  not  changed.  To  meet  this  objective,  several  aims 
were  proposed  and  work  on  them  has  been  initiated. 

1.  To  test  the  hypothesis  that  inhibition  of  intercellular 
communication  plays  a  role  in  the  toxicities  of  many 
chemicals. 

2.  To  develop  and  apply  new  techniques  to  measure  gap  junctional 
intercellular  communication. 

3.  To  study  the  role  of  protein  kinase  C  in  the  regulation  of 
gap  junction  functions. 

4.  To  isolate  gap  junction  proteins  for  the  production  of 
antibodies  to  be  used  to  study  gap  junction  function. 

5.  To  study  non-protein  kinase  C  mechanisms  of  chemical 
inhibition  of  gap  junction  function. 


3.  STATUS  OF  RESEARCH 


After 

function, 

expertize 

inhibiting 

Aim  1 


two  years,  with  the  powerful  means  to  measure  gap  junction 
we  have  finally  succeeded  in  building  a  "critical  mass”  of 
and  techniques  to  study  toxic  chemicals  which  act  by 
intercellular  communication. 

.  To  test  the  hypothesis  that  inhibition  of  gap  junctional 
communication  plays  a  role  in  the  consequences  of  toxic 
chemicals. 

a.  A  major  theoretical  assessment  has  been  made 
illustrating  the  need  to  incorporate  the  mechanism 
of  chemical  inhibition  of  gap  junction  function  in 
the  risk  assessment  models  for  exposure  to  toxic 
chemicals.  This  paper  will  appear  in  the  Banbury 
Conference  Report,  Scientific  Basis  for  Qualitative 
and  Quantitative  Risk  Assessment  of  Chemical 
Exposure .  R.W.  Hart  and  R.B.  Setlow,  eds..  Cold 
Spring  Harbor,  in  press. 

b.  We  have  completed  an  in  vitro/ in  vivo  comparative 
study  showing  that  known  promoters  of  rat  liver 
tumors,  phenobarbital  and  polybrominated  biphenyls, 
also  inhibited  intercellular  communication  in 
vitro,  using  rat  liver  epithelial  cells.  In 
addition  to  showing  a  no-effect  phenomenon  for  both 
of  these  chemicals;  indicating  a  "threshold" 
phenomenon  for  inhibitors  of  intercellular 
communication,  we  studied  the  comparative  utility 
of  the  new  "FRAP"  (Fluorescence  Recovery  After 
Photobleaching)  technique  to  that  of  the  older 
technique  of  metabolic  cooperation.  Results 
demonstrated  the  advantages  and  differences  between 
these  two  techniques.  A  manuscript  is  being 
prepared  for  submission  for  publication. 

c.  A  major  observation  was  made  showing  that  two  known 
reproductive  toxicants,  gossypol  (an  extract  from 
cotton  seed  oil  and  a  male  anti-fertility  dury)  and 
heptachlor,  inhibited  gap  junctional  intercellular 
communication  in  rat  leydig  cells.  Manuscripts  are 
now  being  prepared  for  submission  for  publication. 

d.  We  have  obtained  some  preliminary  data  on  the  jet 
fuel,  JP-4 ,  as  a  potential  inhibitor  of 
intercellular  communication.  An  aqueous  extraction 
of  JP-4  jet  fuel  was  prepared  by  combining  the 
water  fractions  after  4  extractions  of  JP-4  with 
equal  parts  of  water.  Various  amounts  of  the  JP-4 
aqueous  extractions  were  added  to  subconfluent 
tissue  culture  dishes  containing  rat  liver  WB 
cells.  After  one  hour,  gap  junctional 
communication  was  quantitated  using  the  Meridian 


Aim  2 . 


ACAS  470.  Only  at  the  higher  volumes  of  JP-4 
extract  (50  and  100  ul)  were  there  any  changes  in 
intercellular  communication  in  the  liver  cells. 

To  develop  and  apply  new  techniques  to  measure  gap  junctional 
intercellular  communication. 

a.  Now  that  we  have  developed  three  new  techniques  to 
measure  gap  junction  function,  it  was  necessary  to 
validate,  by  comparative  analysis,  each  technique 
to  accepted  techniques  and  to  each  other.  This 
effort  has  led  to  two  projects  which  now  have  been 
accepted  for  publication.  One  has  shown,  using 
purified  polybrominated  biphenyls,  that  the  FRAP 
technique  could  measure  a  dose  response  effect 
(including  a  "threshold"  phenomenon)  in  rat  liver 
cells  similar  to  the  metabolic  cooperation  assay. 
This  work  will  appear  in  Cell  Biology  and 
Toxicology.  1988. 

The  other  study  combined  the  "FRAP"  technique  with 
the  scrape-loading/dye  transfer  assay  to  be  able  to 
quantitate,  on  a  single  cell  basis,  the  amount  of 
chemical  inhibition  of  gap  junctional  intercellular 
communication.  This  work  will  appear  in  the  J. 
Toxicol .  Environ.  Health.  1988. 

b.  The  human  keratinocyte  assay  we  were  working  on  has 

now  been  completed,  with  a  manuscript  having  been 
submitted  for  publication.  The  assay  gives  us  a 
normal  human  in  vitro  skin  system  to  screen  and 
study  potential  skin  irritants  which  act  by 

inhibiting  intercellular  communication. 

Aim  3.  To  study  the  role  of  protein  kinase  C  in  the  inhibition 
of  intercellular  communication.  Using  several 
inhibitors  to  protein  kinase  C  [palmitoyl  carnitine  or 
8-N,N- (diethylamino) octyl-3 , 4 , 5-trimethyloxy  benzoate) , 
we  were  able  to  link  the  activation  of  protein  kinase  C 
with  the  inhibition  of  intercellular  communication  for 
phorbol  ester-type  of  tumor  promoters.  This  is  of 

significance  because  if  a  given  toxicant  works  through 
the  blockage  of  intercellular  communication  by 
activating  protein  kinase  C,  one  should  be  able  to 
ameliorate  the  toxic  effect  by  pre  or  simultaneous 

treatment  with  inhibitors  to  protein  kinase  C. 

Manuscript  will  appear  in  Carcinogenesis .  in  press, 
1988. 

Aim  4  Isolation  of  gap  junction  proteins  for  the  production  of 
antibodies. 

We  have  resummed  this  major  project.  During  the  last 
six  months  we  have  grown  large  amounts  of  rat  liver 


cells  in  vitro  to  provide  the  gap  junction  protein 
starting  material.  Shortly,  we  will  purify  the  gap 
junction  protein (s)  and  start  making  polyclonal 
antibodies  to  the  gap  junction. 

Aim  5.  To  study  ron-protein  kinase  C  mechanisms  of  chemical 
inhibition  of  gap  junction  function. 

a.  Using  heptachlor  and  heptachlor  epoxide  as  model 
compounds  which  are  known  tumor  promoters, 
neurotoxicants,  and  reproductive  toxicants,  we  have 
shown  that  they  inhibit  gap  junction  function 
without  activating  protein  kinase  C.  During  this 
study  we  have  developed  new  techniques  utilizing 
the  Meridian  ACAS  470  to  detect,  quantitatively  on 
a  single  cell  basis,  intracellular  free  calcium  and 
free  radical  production.  Using  these  new 
techniques,  we  showed  that  induced  intracellular 
free  calcium  was  probably  responsible  for  the 
heptachlor' s  ability  to  inhibit  gap  junction 
function. 

b.  One  of  the  most  important  tool  to  understand 
biochemical  mechanisms  by  which  gap  junctions  are 
regulated  is  to  isolate  mutants  which  are  unable  to 
have  functional  gap  junctions.  We  have  succeeded 
in  starting  this  approach  by  developing  a  new 
strategy  for  isolating  such  mutants  in  rat  liver 
epithelial  cells.  We  are  now  in  the  process  of 
genetically  characterizing  these  mutants.  Once  a 
good  collection  of  mutants  are  available,  we  will 
then  use  them  to  determine  how  many  genes  and  gene 
products  control  gap  junction  function. 

c.  One  of  the  approaches  to  study  gap  junction 

function  and  its  role  in  a  toxic  endpoint  such  as 
cancer  is  to  study  various  oncogenes  on  gap 
junction  function.  We  have  now  clearly  shown  that 
the  "ras"  oncogene  does  inhibit  gap  junction 
function,  by,  as  yet,  a  unknown  biochemical 

mechanism.  A  manuscript  has  been  submitted  for 

publication. 
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toxicology."  July  31,  1986.  [Organizer,  Dr.  Steve 

Aust] . 

8.  J.E.  Trosko,  "Chemical  and  orcogene  modulation  of  gap 
junctional  intercellular  communication."  NIEHS 
Conference,  "Tumor  Promoters:  Biological  approaches  for 
mechanistic  studies  and  assay  systems."  Research 
Triangle  Park,  NC,  Sept.  8-10,  1986.  [Organizer,  Dr.  R. 
Lagenbach] . 
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J.E.  Trosko  (symposium  speaker),  "The  role  of  inhibition 
of  DNA  polymerase  in  DNA  amplification  in  Chinese 
hamster  cells."  Deutscher  Krebsforschungs-zentrum, 


Heidelberg,  Germany,  Oct.  24-26,  1986. 

10.  J.E.  Trosko  (symposium  talk),  "Role  of  intercellular 
communication  on  aging."  University-Based  Research  on 
Aging,  Michigan  State  University,  Nov.  11,  1986. 

11.  J.E.  Trosko  (seminar  speaker),  "Pharmacological  and 

toxicological  effects  of  chemical  modulation  of  gap 
junction  function."  Dept.  Pharmacology  and  Toxicology, 
M.S.U.,  Nov.  18,  1986. 

12.  J.E.  Trosko  (seminar  speaker) ,  "Inhibition  of  gap 

junctional  communication  by  chemicals  and  oncogenes 
during  carcinogenesis.  Boston  University  School  of 
Medicine,  Dec.  4,  1986. 

13.  J.E.  Trosko  (seminar  speaker),  "Oncogenes,  inhibition  of 
intercellular  communication  and  tumor  promotion."  Emory 
University  School  of  Medicine,  Atlanta,  Dec.  12,  1986. 

14.  J.E.  Trosko  (seminar  speaker),  "Oncogenes,  inhibition  of 

intercellular  communication  and  tumor  promotion:  An 

integrated  hypothesis  involving  inhibition  of  gap 
junctional  communication."  University  of  Texas  Cancer 
Center,  Science  Park,  Texas,  April  14,  1987. 

15.  J.E.  Trosko  (symposium  speaker),  "Oncogenes,  growth 
factor  and  tumor  promoter  modulation  of  gap  junctional 
communication."  Internatonal  Conference  on  Gap 
Junctions,  Asilomar  Conference  Center,  Pacific  Grove, 
California,  July  6-10,  1987. 

16.  J.E.  Trosko  (symposium  speaker),  "Non-genotoxic 

mechanisms  in  carcinogenesis:  Role  of  inhibited 

intercellular  communication."  Banbury  Conference,  Cold 
Spring  Harbor,  NY,  Oct.  11,  1987. 

17.  J.E.  Trosko  (symposium  speaker),  "Chemical  modulation  of 

gap  junctional  communication:  Implications  for  varied 

toxicological  responses."  Northeast  Regional  Society  of 
Toxicology  Mtg.,  Boston,  Oct.  23,  1987. 

18.  J.E.  Trosko  (lecturer),  "Oncogenes,  chemical  tumor 
promoters  and  growth  factors:  An  integrated  hypothesis 
for  carcinogenesis."  Univ.  of  Maryland  School  of 
Medicine,  Dept,  of  Pathology,  Uov.  12,  1987. 

19.  J.E.  Trosko  (seminar  speaker),  "Oncogenes,  chemical 
tumor  promoters  and  gap  junctions:  An  integrated  theory 
of  carcinogenesis.  Frederick  Cancer  Res.  Facility,  Dec. 
9,  1987. 

20.  J.E.  Trosko  (invited  speaker),  "Towards  understanding 

carcinogenic  hazards:  A  crisis  in  paradigms." 


Brookings  Institute,  Wash.,  D.C.,  Jan  12,  1988. 

21.  J.E.  Trosko  (course  lecturer),  "Role  of  chemical 
inhibition  of  intercellular  communication  in 
toxicology."  Corriell  Instute,  Camden,  NJ,  Jan.  14, 
1988. 

22.  J.E.  Trosko  (seminar  speaker),  "Epigenetic  toxicology: 
Role  of  chemical  modulation  of  intercellular 
communication  in  toxicology."  Univ.  of  Connecticut, 
Storrs,  Jan.  15,  1988. 

23.  J.E.  Trosko  (distinguished  faculty  lecturer),  "An 

integrative  theory  of  carcinogenesis:  Chemical, 

oncogene  and  growth  factor  inhibition  of  intercellular 
communication."  Medical  College  of  Ohio,  Toledo,  OH, 
Jan.  20,  1988. 

24.  J.E.  Trosko  (symposium  speaker),  "Dysfunctional 
intercellular  communication:  Implications  to  the  cause 
and  cure  of  cancer."  Tampa,  FL,  Jan  25,  1988. 

25.  J.E.  Trosko  (seminar  speaker),  "Role  of  epigenetic 

mechanisms  in  carcinogenesis:  Implications  for  risk 

assessment."  Oak  Ridge  National  Laboratory,  Jan.  27, 
1988. 

26.  J.E.  Trokso  (symposium  speaker),  "Role  of  inhibited 
intercellular  communication  in  tumor  promotion." 
Hawaii,  Feb.  9-14,  1988. 

7.  New  Discoveries.  Inventions.  Patent  Disclosures  and  Specific 
Applications . 

The  work  contained  in  the  last  6  months  of  this  second  year  of  the 
grant  has  re-inforced  the  original  hypothesis  that  chemical  inhibition 
of  gap  junctional  communication  plays  a  major  role  in  non-genotoxic 
toxicology  ("Epigenetic  toxicology").  In  fact,  I  have  recently  coined 
this  term,  "Epigenetic  toxicology"  to  be  distinguished  from  "genetic 
toxicology".  In  addition,  the  recent  work  continues  to  validate  the 
three  new  in  vitro  assays  to  measure  gap  junction  function.  This 
should  now  allow  us  to  understand  the  mechanisms  by  which  non-genotoxic 
chemicals  work  and  to  allow  us  better  means  to  predict  for  risk 
assessment  purposes  the  potent  toxic  effects  of  chemicals  using  in 
vitro,  rather  than  animal  models. 

8.  Additional  Statements  Regarding  State  of  Project. 

The  significance  of  this  AFOSR  supported  research  can  be  viewed  in 
light  of  the  fact  that  an  international  conference  on  "The  role  of 
chemical  inhibition  of  gap  junction  intercellular  communication  in 
toxicology"  will  be  held  in  September,  1988.  In  addition,  as  evidenced 
by  both  the  increased  frequency  of  invited  talks  I  have  been  asked  to 


give  on  this  research  and  on  our  accepted  research  publications,  it  is 
now  apparent  that  our  ideas  on  the  importance  of  this  area  of 
toxicology  is  being  widely  accepted. 

On  the  level  of  the  laboratory,  I  will  be  loosing  Moharaed  El- 
Fouly,  my  graduate  student,  who  will  complete  his  Ph.D.  I  therefore 
will  be  needing  to  replace  him  on  the  project.  Also,  the  need  for  an 
upgrade  of  the  Meridian  ACAS  470  instrument  is  critical,  since  we  have 
developed  new  applications  for  this  instrument  (using  the  Meridian 
Company's  instrument)  for  the  study  of  mechanisms  (e.g.,  Ca++,  pH  and 
free  radical  quantitative  determinations) . 
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Dieldrin  Inhibition  ofGap  Junctional  Intercellular  Comm  unication  in  Rat  Glial  Cells  as  Mea¬ 
sured  by  the  Fluorescence  Photobleaching  and  Scrape  Loading/Dye  Transfer  Assays.  SUTF.R. 
S..  Trosko.  J.  E..  El-Fouly.  M.  H„  Lockwood.  L.  R..  and  Koestner.  A.  (1987).  Fundam. 
Appt.  Toxicol  9,  785-794.  Application  of  the  fluorescence-recovery  after  photobleaching 
(FRAP  analysis)  technique  and  scrape  loading/dye  transfer  assay  was  made  to  measure  the  pres¬ 
ence  of  gap  junctional  communication  in  primary  rat  glial  cells  in  vitro  in  the  presence  and 
absence  of  the  neurotoxicant  and  tumor  promoter  dieldrin.  a  chlorinated  insecticide.  Results 
demonstrate  that  primary  rat  glial  cells  are  able  to  exhibit  gap  junctional  intercellular  communi¬ 
cation  and  that  dieldrin  at  noncytotoxic  concentrations  can  modulate  gapjunctional  communi¬ 
cation  as  early  as  10  min  after  exposure  to  the  chemical  and  that  the  effect  is  reversible  after  4 
hr  recovery  from  the  dieldrin  exposure.  Both  the  FRAP  analysis  and  the  scrape  loading/dye 
transfer  assay  have  validated  the  observation  that  dieldrin  inhibits  gapjunctional  communica¬ 
tion  in  other  cell  types  using  different  techniques  to  measure  gap  junction  function.  These  results 
were  interpreted  as  an  indication  that  inhibition  of  gap  junctional  communication  might  con¬ 
tribute  to  the  cellular  mechanism  of  dieldrin's  neurotoxicity.  <  iw  Society  of  T«xicok>g> 


Gap  junctional-mediated  intercellular  com¬ 
munication  has  been  regarded  as  an  impor¬ 
tant  determinant  for  homeostasis  in  organ¬ 
isms  composed  of  functionally  specialized 
cells  for  normal  cell  growth  and  differentia¬ 
tion.  reproductive,  neuroendocrine,  and  car¬ 
diac  function,  and  a  whole  host  of  other  nor¬ 
mal  physiological  states  ( Bennett  and  Goode- 
nough.  1978:  Loewenstein.  1979;  Hertzberg 
cl  til. .  1981;  Pitts,  1980;  Bennett  el  al..  1981; 

1  Research  was  sponsored,  in  part,  by  a  grant  from  the 
College  of  Human  Medicine  and  by  the  Air  Force  Office 
of  Scientific  Research.  Air  Force  Systems  Command. 
IJSAF.  under  Grant  No.  AF05R-86-0084.  to  J.  E. 
I  rosko  and  by  a  National  Institute  of  Health  Grant 
(CA32594)  to  A.  Koestner. 

:  To  whom  all  correspondence  should  be  addressed  at 
Department  of  Pediatrics  and  Human  Development. 
Michigan  State  University.  B240  Life  Science  Building. 
East  Lansing.  Ml  48824. 


Schultz.  1985:  Larsen.  1983).  Low-molecu¬ 
lar-weight  substances  (S1500  MW)  can  be 
transported  from  cell  to  cell  via  gap  junctions 
on  contiguous  cells  (Loewenstein.  1979).  Dis¬ 
ruption  of  gap  junctional  intercellular  com¬ 
munication  has  been  postulated  to  play  a  role 
in  carcinogenesis  (Loewenstein  and  Kanno. 
1966).  specifically  during  the  tumor-promo¬ 
tion  phases  (Yotti  el  a!..  1979;  Murray  and 
Fitzgerald.  1979:  Trosko  el  al..  1983).  In 
addition,  many  tumor-promoting  chemicals 
(Jone  el  al.,  1985)  and  a  few  oncogenes 
(Chang  el  al.,  1985:  Azarnia  and  Loewen¬ 
stein.  1984:  Atkinson  and  Sheridan.  1984: 
Atkinson  el  al..  '.986:  Azarnia  and  Loewen¬ 
stein.  1987)  have  been  associated  with  inhib¬ 
ited  intercellular  communication. 

Gap  junctional  intercellular  communica¬ 
tion  has  been  measured  by  a  variety  of  tech¬ 
niques,  including  electrocoupling  (Furshpan 
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and  Potter,  1959);  intercellular  transfer  of  in¬ 
jected  fluorescent  dyes  (Loewenstein,  1966); 
use  of  genetically  deficient  cells  to  measure 
“metabolic  cooperation”  (Hooper,  1982;  Da¬ 
vidson  et  ai,  1985;  Gupta  el  ai,  1985);  and 
autoradiographic  detection  of  the  transfer  of 
low-molecular-weight  radioactive  labeled 
compounds  (Subak-Sharpe  et  ai,  1 969).  The 
ultrastructural  analysis  of  gap  junctions  is 
performed  by  freeze-fracture  analysis  of  cell 
membranes  (Finbow  and  Yancey,  1981; 
Larsen,  1983;  Larsen  and  Risinger.  1985). 
Recently,  two  new  techniques,  one  using 
fluorescence-recovery  after  photobleaching 
(FRAP  analysis),  and  the  other,  the  scrape 
loading/dye  transfer  assay,  have  been  applied 
to  measure  gap  junctional  intercellular  com¬ 
munication  (Wade  et  ai,  1986;  El-Fouly  et 
ai,  1987). 

Dieldrin,  belonging  to  the  cyclodiene  class 
of  chlorinated  insecticides,  is  a  well-docu¬ 
mented  toxic  chemical.  It  has  been  found  to 
be  carcinogenic  in  laboratory  rodents,  spe¬ 
cifically  it  seems  to  act  as  a  tumor  promoter 
(Itoera/.,  1980;  Tennekes  et  ai,  1982).  Sim¬ 
ilar  to  1 2-tetradecanyolphorbol- 1 3-acetate 
(TPA),  dieldrin  has  been  shown  to  be  non- 
mutagenic  in  most  genotoxic  assays  (Mc¬ 
Cann  et  ai,  1975;  Ashwood-Smith,  1981; 
Purchase  et  ai,  1978;  Probst  et  ai,  1981; 
Tong  et  ai,  1981;  1CPEMC,  1984).  On  the 
other  hand,  dieldrin  has  been  shown  to  in¬ 
hibit  metabolic  cooperation  (a  form  of  gap 
junctional  communication)  in  Chinese  ham¬ 
ster  V79  cells  (Trosko  et  ai,  1987)  and  hu¬ 
man  teratocarcinoma  cells  (Lin  et  al..  1986). 
In  addition,  dieldrin  is  known  to  be  a  neuro¬ 
toxin  (Joy,  1982).  Since  gap  junctions  are 
known  to  exist  in  neuroectodermal  cells,  this 
study  was  designed  to  determine  if  some  of 
the  neurotoxic  effects  of  dieldrin  might  be  re¬ 
lated  to  its  ability  to  inhibit  gap  junctional  in¬ 
tercellular  communication. 

MATERIALS  AND  METHODS 

Cells  Normal  rat  glial  celts  were  subcultured  from  pri¬ 
marily  cultured  rat  glial  cells  isolated  from  cerebral  tissue 


of  rat  fetuses  at  the  20th  gestation  day  (Ko  el  ai.  1980). 
Cells  within  10  passages  were  grown  in  modified  Eagle's 
medium  (MEM:  G1BCO  formulas  78-5470;  Earle’s  bal¬ 
anced  salt  solution  with  50%  increase  of  vitamins  and 
essential  amino  acids  except  glutamine),  supplemented 
with  nonessential  amino  acid  (100%  increase),  1  mM  so¬ 
dium  pyruvate,  and  10%  fetal  calf  serum.  Under  the  in¬ 
cubation  condition  with  5%  CC)2  in  humidified  air  at 
37*C.  cells  growing  in  monolayer,  contact-inhibited 
upon  confluency,  were  subcultured  every  5  to  7  days. 

Chemicals  5  (and  6)-Carboxyfluorescein  diacetate 
and  rhodamine  lissamine  dextran  (Lot  5B)  were  obtained 
from  Molecular  Probes  (Eugene,  OR).  Lucifer  yellow  CH 
was  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Dieldrin 
[Shell  Chemical  Co.  (purity  99+%)]  was  a  gift  from  Dr. 
B.  V.  Madhukar  of  the  Pesticide  Research  Center  at 
Michigan  State  University. 

Methods  Experiments  were  performed  with  rat  glial 
cells  plated  in  the  modified  MEM.  Dieldrin.  dissolved  in 
ethyl  alcohol  (ETOH).  was  added  to  cells  for  various 
lengths  of  time  to  give  a  final  concentration  of  7  «g/ml  of 
medium  (0. 1%  final  concentration  of  ETOH).  An  identi¬ 
cal  volume  of  ethyl  alcohol,  the  solvent  carrier,  was 
added  to  the  control  cells.  Neither  the  solvent  carrier  nor 
the  carrier  plus  dieldrin  was  cytotoxic  to  the  cells  at  this 
concentration  nor  did  the  concentration  of  ETOH  inter¬ 
fere  with  intercellular  communication. 

To  measure  gap  junctional  communication  using  the 
FRAP  analysis  technique,  following  24  hr  of  growth,  the 
cells  were  washed  with  PBS  containing  calcium  (0.9  mM ) 
and  magnesium  (0.5  mM:  PBS/Ca/Mg)  and  stained  with 
6-carboxyfluoresccin  diacetate.  The  dye  and  labeling 
conditions  do  not  affect  cell  viability,  and  restaining  can 
be  performed  on  the  same  cells  for  several  days.  All  mea¬ 
surements  are  performed  at  room  temperature  in  PBS/ 
Ca:*/Mg2'  within  a  l-hr  period.  A  tissue  culture  plate  of 
labeled  cells  is  placed  on  a  high-speed  computer-con- 
troled  two-dimensional  stage  of  the  ACAS  470  worksta¬ 
tion  (Wade  el  at..  1986).  The  Meridian  ACAS  470  (An¬ 
chored  Cell  Analysis  and  Sorting.  Meridian  Instruments. 
Okemos.  Ml)  was  the  standard  instrument  which  was 
equipped  with  a  2-W  argon  ion  laser  tuned  to  the  488- 
nm  line,  dichroic  filter  at  510  nm  and  barrier  filter  at  520 
nm.  inverted  phase-contrast  microscope  and  16-bit  mi¬ 
crocomputer  for  data  acquisition  and  processing,  and 
micro-stepping  stage.  The  stage  moves  the  cells  in  a  de¬ 
fined  manner  above  the  objective  (40x)  of  an  inverted 
epifluorescence  microscope.  The  microscope  objective 
serves  to  focus  the  argon  laser  beam  (excitation  wave 
length  of  488  nm)  to  a  l-gm  spot  size  that  excites  fluo¬ 
rescence  in  individual  cells  at  l.5-/im  steps  in  a  two-di¬ 
mensional  raster  pattern.  The  single-point  emission  from 
each  excited  step  is  recorded  as  an  intensity  by  a  photo¬ 
multiplier  tube.  The  digital  signals  representative  of  flu¬ 
orescence  intensity  are  stored  in  the  computer  with  the 
source  v-r  location.  The  emitted  intensities  are  color 
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coded  and  presented  on  a  computer  video  screen  as  a 
pseudo-color  image  of  the  fluorescence  distribution  in 
the  analyzed  cell. 

In  order  to  measure  gap  junctional  communication  by 
another  independent  method,  the  scrape  loading/dye 
transfer  assay  was  utilized.  Rat  glial  cells  were  subcul¬ 
tured  using  trypsin  (0.01%)  without  EDTA  and  plated  to 
attain  a  confluent  monolayer  (1. 5-2.0  x  106  cells)  in  35- 
mm  plastic  dishes.  The  cells  were  incubated  in  the  modi¬ 
fied  Eagle's  medium  with  5%  FCS  at  37'C  in  humidified 
air  with  5%  CO2  for  12-18  hr.  Six  plates  were  prepared 
for  each  experimental  point  including  untreated  controls 
and  controls  with  solvent  (0.1%  absolute  ethanol  final 
concentration)  only.  For  temporal  studies,  the  cells  were 
treated  with  a  single  dose  of  dieldrin  for  various  exposure 
times  (6, 10,  15,  20, 30, 50,  and  60  min  and  24  hr).  This 
predetermined  noncytotoxic  dose  of  7  Mg/ml  has  been 
previously  shown  to  induce  a  complete  blockage  of  gap 
junctional  intercellular  communication  and  dye  transfer 
in  rat  glial  cells  (El-Fouly  era/.,  1987).  In  addition,  to  test 
for  the  reversibility  of  the  dieldrin  effect  on  gap  junction 
conductance  following  a  short-term  exposure,  the  cells 
were  treated  with  dieldrin  (7  pg/ml)  for  I  hr  then  washed 
with  PBS  and  reincubated  after  the  addition  of  fresh  me¬ 
dia  for  24  hr. 

For  dose-response  experiments,  dieldrin  was  added  to 
each  plate  at  various  noncytotoxic  concentrations  (1,2. 
3,  5,  6,  7,  and  10  Mg/ml)  for  a  fixed  2-hr  exposure  time 
prior  to  scrape  loading. 

In  preparation  for  scrape  loading/dye  transfer,  the  cells 
were  washed  with  PBS  (kept  at  room  temperature),  then 
exposed  to  a  dye  mixture  containing  0.05%  of  each  of 
Lucifer  yellow  (MW  457.2)  and  rhodamine  lissamine 
dextran  (MW  10.000)  dissolved  in  PBS.  The  dye  mole- 
c  les  were  loaded  intracellularly  by  scraping  or  cutting 
the  cells  using  a  wooden  probe  or  a  sharp  knife.  The  dye 
solution  was  left  on  the  cells  for  90  sec.  then  discarded, 
and  the  plates  were  carefully  rinsed  in  PBS  to  minimize 
the  background  fluorescence.  The  cells  were  next  exam¬ 
ined  for  dye  transfer  under  an  inverted  Nikon  epifluore- 
scence  phase  microscope  with  uv  light  generated  from  an 
Osram  HBO  200- W  bulb.  The  degree  of  communication 
was  assessed  by  measuring  the  extent  of  Lucifer  yellow 
transfer  into  contiguous  cells.  Quantitation  was  esti¬ 
mated  by  counting  the  number  of  secondary  recipient 
cells  in  a  fixed  surface  area  selected  at  random.  Ten 
different  fields  were  examined  per  plate,  six  plates  per 
treatment,  and  an  average  count  is  reported  as  a  relative 
percentage  compared  to  control  plates  which  were  con¬ 
sidered  to  have  100%  communication. 

RESULTS 

The  effect  of  dieldrin  on  the  colony-form¬ 
ing  ability  is  shown  in  Fig.  1 .  Results  show 


Fig.  I .  Effect  of  dieldrin  on  the  colony-forming  ability 
of  primary  rat  glial  cells.  The  plating  efficiency  was  87%. 
Five  plates  per  dose  level  were  counted. 


that  after  a  3-day  exposure,  even  at  the  high¬ 
est  concentration  (7  *jg/ml),  very  little  effect 
was  noted  in  terms  of  inhibition  of  the  plating 
efficiency  and  formation  of  colonies.  It  must 
be  noted  that  the  cytotoxicity  assay  is  per¬ 
formed  at  very  low  cell  densities  (200  cells/ 
60-mm  plate),  and  long  exposures  to  the 
chemical  (3  days),  whereas  the  effect  of  diel¬ 
drin  on  gap  junctional  communication  is 
done  on  high  densities  of  cells  for  short  peri¬ 
ods  of  time.  Therefore,  these  cytotoxicity 
data  would  be  considered  overestimates  of 
the  effective  cytotoxic  levels.  In  other  words, 
dieldrin  at  7  /ig/ml  (or  up  to  10  /rg/ml)  for 
scrape  loading/dye  transfer)  should  not  be  cy¬ 
totoxic  under  the  conditions  used  to  measure 
its  effect  on  gap  junctional  communication. 

In  order  to  ascertain  whether  FRAP  analy¬ 
sis  could  detect  gap  junctional  intercellular 
communication  in  primary  rat  glial  cells,  an 
experiment,  as  illustrated  in  Fig.  2,  was  per¬ 
formed.  The  results  clearly  demonstrate  that 
1 8  min  after  photobleaching  of  a  single  un¬ 
treated  cell,  the  fluorescence  reappeared  in 
coupled  cells,  but  not  in  isolated  cells.  This  is 
interpreted  as  indicating  that  the  carbox- 
yfluorescence  dye  was  transferred,  via  gap 
junctions,  to  the  photobleached  cell.  The  lack 
of  fluorescence  in  the  isolated  cell  demon¬ 
strates  that  a  new  source  of  dye  can  be  re¬ 
placed  only  from  gap  junctionally  coupled 
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TABLE  1 


Results  of  FRAP  Analysis  on  Dieldrin-Treated 
Rat  Glial  Cells 


Treatment 

Number 
of  cells 

Percentage  of 
cells  with 
fluorescence 
recovery 

Control 

25 

100 

24  hr  pretreatment  with 
dieldrin  (7  ug/ml) 

40 

0.0 

1  hr  pretreatment  with 
dieldrin  (7  *g/ml> 

6 

0.0 

10  min  pretreatment 
with  dieldrin  (7  pg/mf) 

43 

0.0 

1  hr  pretreatment  with 
dieldrin  plus  *  hr  post- 
treatment  minus 
dieldrin 

20 

100 

1  hr  pretreatment  with 
dieldrin  plus  1  hr  post¬ 
treatment  minus 
dieldrin 

6 

83 

unphotobleached  cells.  This  figure  is  typical 
of  25  other  samples  in  the  same  dish. 

To  test  if  dieldrin  could  inhibit  gap  junc¬ 
tional  intercellular  communication  in  rat 
glial  cells,  the  experiment  showed  that  24  hr 
treatment  with  7  Mg/ml  dieldrin  prevented 
gap  junction-mediated  transfer  of  the  fluo¬ 
rescent  dye  (Table  1 ). 

Results  in  Table  1  also  demonstrate  that  a 
1-hr  treatment  of  7  Mg/ml  dieldrin  was  suffi¬ 
cient  to  inhibit  gap  junctional  communica¬ 
tion  as  measured  by  FRAP  analysis.  This  re¬ 
sult  was  typical  of  six  randomly  chosen  cou¬ 
pled  cells. 

To  determine  if  shorter  treatment  times 
could  inhibit  gap  junctional  communication 
a  series  of  experiments  were  performed.  The 


data  in  Table  1  illustrate  that  a  10-min  expo¬ 
sure  to  7  ag/ ml  dieldrin  was  sufficient  to  in¬ 
hibit  communication.  Again,  this  result  was 
repeated  in  43  other  randomly  chosen  cou¬ 
pled  cells. 

Since  it  is  important  to  determine  if  the 
dieldrin  inhibition  of  intercellular  communi¬ 
cation  is  either  irreversible  or  reversible,  cells 
were  treated  with  dieldrin  (7  Mg/ml)  for  I  hr 
and  allowed  to  “recover”  for  1  and  4  hr  after 
the  dieldrin  was  removed.  Cells  were  washed 
twice  and  placed  in  fresh  non-dieldrin  con¬ 
taining  medium.  Data  in  Table  1 ,  representa¬ 
tive  of  20  random  samples,  show  that  a  4-hr 
post-treatment  time  was  sufficient  for  the  re¬ 
establishment  of  gap  junctional  communica¬ 
tion.  In  addition,  results  also  indicate  that  1 
hr  seems  sufficient  for  these  rat  glial  cells  to 
reestablish  gap  junctional  communication  in 
six  randomly  chosen  cells. 


Scrape  Loading  Results 

The  results  obtained  from  scrape  loading/ 
dye  transfer  assay  are  shown  in  Figs.  3  and 
4.  Quantitative  analysis  of  the  dose-response 
data,  as  described  under  Materials  and  Meth¬ 
ods,  indicates  a  direct  correlation  between  the 
extent  of  blockage  of  gap  junctional  transfer 
of  Lucifer  yellow  and  the  dieldrin  concentra¬ 
tion  applied  for  a  fixed  period  of  2  hr  (Figs. 
3  and  4A).  When  the  cells  were  treated  for 
variable  exposure  times  with  a  fixed  dose  of 
dieldrin  (7  Mg/ml),  the  extent  of  junctional 
communication  was  inversly  correlated  with 
the  duration  of  treatment  (Fig.  4B:  also  data 
not  shown).  Complete  inhibition  of  dye 
transfer  was  observed  after  approximately  50 
min  of  initiating  the  treatment  (Fig.  4B).  The 


Fig.  2.  Restoration  of  fluorescence  in  photobleached.  control  primary  rat  glial  cells.  By  comparing  the 
images  generated  before  photobleach ing,  when  all  cells  were  highly  fluorescent  as  indicated  by  the  false- 
color  image  in  (A),  with  images  produced  I  min  (B)  and  1 8  min  (Cl  after  bleaching,  the  recovery  of  fluores¬ 
cence  could  be  monitored.  The  image  in  (C)  clearly  shows  the  contacting,  but  not  the  isolated,  cell  regained 
its  image  after  18  min  postbleaching.  Image  isx300. 
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Fig.  4.  (A)  Inhibition  of  dye  transfer  in  rat  glial  cells  by 
dieldrin  as  detected  by  scrape  loading/dye  transfer  assay. 
The  method  for  quantitation  is  described  under  Materi¬ 
als  and  Methods.  Dose-response  effect  of  dieldrin  on  gap 
junction-mediated  Lucifer  yellow  transfer.  The  cells 
were  treated  with  variable  concentrations  of  dieldrin  for 
a  fixed  period  of  2  hr.  Panel  (A)  is  a  graphic  representa¬ 
tion  of  experiments  shown  in  Fig.  3.  (B)  Time-course  of 
the  effect  of  dieldrin  on  dye  transfer.  A  single  treatment 
dose  of  dieldrin  (7  Mg/ml)  was  added  to  the  cells  for  the 
indicated  time  periods  followed  by  scrape  loading  of  Lu¬ 
cifer  yellow. 


blockage  of  cell-cell  communication  by  a  sin¬ 
gle  application  of  dieldrin  was  sustained  for 
over  24  hr  (Fig.  3).  The  inhibition  of  dye 
transfer  was  reversed  when  the  cells  were 
transiently  exposed  to  dieldrin  (7  Mg/ml)  for 
1  hr  then  released  and  re-incubated  in  fresh 
medium.  These  cells  resumed  their  control 
level  of  communication  when  examined  24 
hr  following  the  removal  of  dieldrin  (data  not 
shown). 

DISCUSSION 

There  seem  to  be  several  conclusions  re¬ 
sulting  from  the  observations  made  during 


this  study:  (a)  FRAP  analysis  and  the  scrape 
loading/dye  transfer  assay  have  verified  ear¬ 
lier  conclusions  that  gap  junctional  commu¬ 
nication  exists  in  rat  glial  cells  (Orkand,  1977; 
Massa  and  Mugnaini,  1985);  (b)  dieldrin  can 
inhibit  gap  junctional  communication  in  rat 
glial  cells,  as  measured  by  FRAP  analysis, 
supporting  previous  observations  that  noncy- 
totoxic  levels  of  this  toxic  chemical  inhibited 
gap  junctional  communication  in  Chinese 
hamster  V79  and  human  teratocarcinoma 
cells  as  measured  by  metabolic  cooperation 
and  uridine  transfer  (Trosko  el  al.,  1987;  Lin 
el  al,  1986);  (c)  FRAP  analysis  and  scrape 
loading/dye  transfer  techniques,  by  corrobo¬ 
rating  the  aforementioned  studies,  seem  to  be 
validated  as  a  legitimate  means  to  measure 
gap  junctional  intercellular  communication; 
and  (d)  the  effect  of  dieldrin  inhibition  of  gap 
junctional  communication  is  a  reversible 
phenomenon. 

Since  gap  junctional  intercellular  commu¬ 
nication  has  been  postulated  to  play  a  major 
role  in  the  regulation  of  development,  cell 
proliferation,  regeneration,  differentiation, 
homeostasis,  and  control  of  differentiated  cell 
functions  (Loewenstein.  1979;  Pitts,  1980; 
Hertzbergc/  al..  1981;  Schultz,  1 985;  Larsen. 
1983)  in  multicellular  organisms,  it  seems 
logical  to  conclude  that  exogenous  and  en¬ 
dogenous  chemical  modulation  of  gap  junc¬ 
tion  structure  and/or  function  would  have 
adaptive  and  nonadaptive  consequences 
(Trosko  and  Chang,  1984).  Many  chemicals, 
which  are  known  to  be  tumor  promoters, 
have  been  demonstrated  to  be  inhibitors  of 
gap  junctional  communication  (Jone  el  al., 
1985;  Trosko  el  al.,  1982;  Malcolm  et  al, 
1985). 

One  of  those  chemicals  which  is  a  tumor 
promoter  of  rat  liver  tumors  and  which  inhib¬ 
its  gap  junctional  communication  is  dieldrin. 


Fig.  3.  Dose-response  effect  of  dieldrin  on  junctional  permeability  in  rat  glial  cells  as  measured  by  the 
scrape  loading/dye  transfer  technique.  The  photomicrographs  show  Lucifer  yellow  transfer  into  contiguous 
cells  pretreated  with  various  concentrations  of  dieldrin.  (A)  Untreated  control  cells;  (B-H)  cells  pretreated 
for  2  hr  with  1, 2, 3.  5, 6. 7,  and  10  ugdieldrin/ml.  respectively. 
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What  makes  the  dieldrin  effect  on  the  inhibi¬ 
tion  of  gap  junctional  communication  in  rat 
glial  cells  relevant  to  these  results  is  that  diel¬ 
drin  is  also  a  known  neurotoxin  (Joy,  1982). 
In  the  former  case,  it  has  been  postulated  that 
when  gap  junctional  communication  is  in¬ 
hibited  in  tissues  where  a  single  carcinogen- 
initiated  stem  cell  is  repressed  by  surrounding 
normal  cells,  the  initiated  cell  then  donally 
expands  to  form  a  tumor  (Yotti  et  al..  1979: 
Trosko  et  al.,  1983).  In  the  latter  case,  al¬ 
though  the  role  of  gap  junctional  communi¬ 
cation  in  neural  cells  has  not  been  as  well 
studied  as  the  chemical  neurotransmission 
form  of  intercellular  communication,  it  is 
known  to  exist  in  brain  tissue  (Andrew  et  al.. 
1981).  In  addition,  two  neurotransmitters, 
acetycholine  and  dopamine,  have  been 
shown  to  modulate  gap  junction  function 
from  several  organisms  (Iwatsuki  and  Pet¬ 
ersen.  1978;  Findlay  and  Petersen.  1982:  Ter- 
anishi  et  al..  1983;  Piccolino  et  al..  1984;  La- 
sater  and  Dowling,  1985:  Neyton  and  Traut- 
mann.  1986).  Since  it  would  be  hard  to 
imagine,  in  evolutionary  terms,  that  gap 
junctional  communication  plays  no  role  in 
this  highly  specialized  tissue,  modulation  of 
gap  junction  function  in  brain  cells  by  diel¬ 
drin  might  be  expected  to  play  some  role  in 
its  neurotoxicity. 

Finally,  as  a  note  of  speculation,  one  could 
imagine  that,  in  the  brain,  chemical  neuro- 
transmission  and  gap  junction  transfer  of 
ions  and  small  molecular  weight  molecules 
comprise  a  highly  coordinated  and  integrated 
intercellular  communication  network  (Ben¬ 
nett  et  al..  1985).  Conceivably,  gap  junctional 
communication  provides  a  means  to  regulate 
growth  control  and  differentiation  of  premi¬ 
totic  cells,  as  well  as  a  means  to  provide  “nu¬ 
trients”  and  regulatory  signals  to  postmitotic 
neural  cells.  Endogenous  and  exogenous 
modulation  of  gap  junctional  communica¬ 
tion  in  either  pre-  or  postmitotic  brain  cells 
could  have  both  adaptive,  as  well  as  toxic, 
consequences,  depending  on  the  nature  of  the 
inhibition. 
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Inhibition  of  gap  junctional  blockage  by  palmitoyl  carnitine  and 
TMB-8  in  a  rat  liver  epithelial  cell  line 
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Department  of  Pediatries  and  Human  Development.  College  of  Human 
Medicine.  Michigan  State  University,  East  Lansing.  Ml  48824,  USA 

Exposure  to  12-0-tetradecanoylphorbol-13-acetate  (TPA)  has 
been  shown  to  inhibit  gap  junctional  intercellular  communi¬ 
cation  (GJ1C)  in  many  cell  types  in  vitro.  Using  a  scrape 
loading/dye  transfer  technique,  TPA  was  shown  to  cause  a 
dose-dependent  and  transient  inhibition  of  GJ1C  in  WB-F344, 
a  normal  rat  liver  epithelial  cell  line.  Such  a  down-modulation 
of  intercellular  communication  was  found  to  be  associated 
with  an  increase  in  protein  kinase  C  (PKC)  activity.  Trans¬ 
location  of  this  activity  to  the  particulate  fraction  occurred 
10  min  after  exposure  to  16  n.Yl  TPA  and  was  consistent  with 
the  time  course  needed  to  inhibit  GJIC.  After  6  h  exposure 
to  TPA,  essentially  all  the  PKC  activity  was  lost  concurrent 
with  the  recovery  of  communication  in  these  cells.  During  this 
time,  the  cells  also  became  refractory  to  inhibition  by  further 
addition  of  TPA.  Blockage  of  communication  induced  by  TPA 
in  VVB  cells  was  prevented  by  treating  the  cells  with  23  (iM 
palmitoyl  carnitine  for  1  h  or  100  pM  8-/V,  /V-(diethylamino)- 
octy)-3,4,5-trimethoxybenzoate  for  30  min.  The  results  indi¬ 
cate  that  TPA  transiently  modulates  GJIC  in  WB  cells  and 
PKC  activation  is  possibly  involved  in  blockage  of  communi¬ 
cation  in  these  cells. 


Introduction 

Intercellular  communication  is  considered  an  important  cellular 
mechanism  for  regulating  growth  and  differentiation  (1  -4),  Thus 
blockage  of  the  exchange  of  important  'signal'  ions  and  molecules 
between  normal  communicating  cells  could  lead  to  abnormal  cell 
proliferation.  Tumor  promoting  agents,  such  as  12-0-tetradecan- 
oylphorbol-  13-acetate  (TPA*),  have  been  shown  to  block  gap 
junctional  intercellular  communication  (GJIC)  in  various  cell 
types  (5—9).  The  precise  biochemical  mechanisms  involved  in 
the  regulation  of  the  gap  junction,  however,  are  not  well  under¬ 
stood.  What  is  clear  at  present  is  the  initial  event  of  TPA  action 
which  involves  binding  to  a  specific,  high  affinity  receptor 
( 10- 12).  identified  to  be  also  the  phospholipid-Ca:  *  -dependent 
enzyme,  protein  kinase  C  (PKC)  (13).  This  enzyme  is  now  recog¬ 
nized  to  play  a  prominent  role  in  signal  transduction  ( 14).  Other 
studies  have  implicated  activation  of  PKC  with  the  TPA-inhibition 
of  gap  junctional  communication  (15-18).  In  this  study,  we 
investigated  the  effect  of  TPA  on  gap  junctional  communication 
in  a  normal  adult  rat  liver  epithelial  cell  line  to  assess  the  extent 
of  PKC  involvement  in  blockage  of  gap  junctional  communication 
in  these  cells. 


*  Abbreviations:  TPA.  l2-0-tetradccanoylphorbol-l3-acetate:  GJIC.  gap  junc¬ 
tional  intercellular  communication;  PKC.  protein  kinase  C;  PC.  palmitoyl  car¬ 
nitine:  TMB-8,  8  A/ jV  ldicthylaminoHxMy l- 1.4.5  tnmcthoxyhcn/oatc.  TCA. 
trichloroacetic  acid;  PDBu.  phorhol  dibulyratc 


Materials  and  methods 

Cell  culture 

WB-F344  cells  (obtained  from  DrsJ.W. Grisham  and  M.S.Tsaoof  the  University 
of  North  Carolina,  Chapel  Hill,  NC).  passages  10-25,  were  used.  The  cells 
were  cultured  in  D  medium,  a  modified  Eagle's  medium  containing  Earle's 
balanced  sail  solution  with  a  50%  increase  of  vitamins  and  essential  amino  acids 
except  glutamine,  a  100%  increase  of  non-essential  amino  acids  (Gibco 
Laboratories,  Grand  Island,  NY)  and  1  mM  sodium  pyruvate,  5.5  mM  glucose. 
14.3  mM  NaCI.  11.9  mM  NaHCOg,  pH  7.3.  The  medium  was  supplemented 
with  5%  fetal  bovine  serum  and  50  gg/ml  gentamicin.  Cells  were  incubated  at 
37°C  in  a  humidified  atmosphere  containing  5%  CO,.  For  all  experiments,  WB 
cells  were  seeded  at  20%  and  grown  to  confluence.  Treatments  were  made  on 
cells  1  -2  days  post  confluence.  The  culture  medium  was  replaced  with  serum- 
free  D  medium  prior  to  addition  of  test  chemical(s)  and  incubated  for  the  appro¬ 
priate  duration  of  the  experiment. 

Chemicals 

TPA.  palmitoyl  carnitine  (PC).  8-AUV-(diethylamino)octyl-3.4.5-trimethoxy- 
benzoate  (TMB-8)  and  histone  type  II1-S  were  obtained  from  Sigma  Chemicals. 
MO.  TPA  was  dissolved  in  ethanol.  PC  and  TMB-8  were  dissolved  in  dimethyl 
sulfoxide.  Concentration  of  solvent  in  culture  medium  was  0.1%.  Lucifer  yellow 
and  tetramethyl  rhodamine  dextran.  mol.  wt  10  000.  were  purchased  from 
Molecular  Probes  Inc..  Eugene.  OR:  [,:P|ATP  (sp  act.  3000  Ci/mmol)  was 
supplied  by  Amersham  International.  UK.  All  other  biochemicals  used  in  the 
investigation  were  of  the  highest  purity  available 

Measurement  of  GJIC 

The  method  of  scrape  loading/dye  transfer  described  by  El-Fouly  el  at.  ( 19)  was 
used  with  a  slight  modification.  Confluent  cultures  in  35  mm  plates  ( 1 .2  —  1 .6  x 
I06  cells)  were  rinsed  several  times  with  PBS  and  drained  after  treatment  with 
the  test  chemicals.  2  ml  of  0.05%  Lucifer  yellow  in  PBS  was  added  to  the  plates 
and  two  or  three  scrape  lines  were  made  in  the  center  of  the  monolayer  with 
a  surgical  blade.  After  3  nun  to  allow  dye  uptake  and  transfer  at  loom  temperature, 
the  cells  were  rinsed  several  times  with  PBS  to  remove  excess  dye  and  immediately 
examined  under  a  Nikon  epifluoresccnce  phase  microscope  Rhodamine  dextran 
at  0 .04%  was  occasionally  added  to  the  dye  to  verify  that  Lucifer  yellow  transfer 
was  through  the  gap  junctions. 

Cells  were  fixed  in  4%  phosphate-buffered  formalin  and  air-dried.  The  fixed 
cells  were  examined  on  the  AC  AS  470  fluorescence  workstation  (Meridian  Instru¬ 
ments.  Okernos.  Ml)  with  a  laser  beam  (20).  Using  an  appropriate  computer 
program,  a  scan  of  the  scrape-loaded  cell  image  was  generated  and  an  integrated 
value  of  fluorescence  intensity  over  a  boxed  area  (78  mm  x  100  mm)  of  the 
scrape  line  was  obtained  as  a  measure  of  the  extent  of  dye  transfer. 
Preparation  of  partially  purified  cytosolic  atul  membrane  fractions 
All  operations  were  carried  oul  at  4°C  after  incubation  of  (he  treated  cells  for 
the  appropriate  times.  The  cells  were  rinsed  twice  with  PBS  and  twice  with 
extraction  buffer  A  containing  20  mM  Tris-HCl.  pH  7.5.  2  mM  EDTA.  0.5  mM 
EGTA.  0.3.3  M  sucrose.  2  mM  PMSF  and  25  gg/ml  leupeptin.  Cells  grown  in 
two  !50-cm:  flasks  were  scraped  into  4  ml  ol  buffer  A  and  disrupted  in  a  glass  - 
glass  Douncc  homogenizer  (30  strokes).  The  homogenate  was  centrifuged  at 
100  000  g  for  I  h  and  the  supernatant  was  collected  as  the  cytosolic  fraction. 
The  pellet  was  washed  twice  with  buffer  B  (buffer  A  without  sucrose)  and  re¬ 
suspended  in  4  ml  of  bo '.Ter  B  in  a  Douncc  homogenizer  ( 10  strokes).  To  solubilize 
PKC  tightly  associated  with  the  membrane  fraction.  Nonidet  P-40  was  added  to 
a  final  concentration  of  I  %  and  left  for  40  min  with  gentle  mixing  The  solubilized 
suspension  was  centrifuged  at  100  000  g  for  1  h  and  the  supernatant  was  used 
as  the  membrane  (particulate)  fraction.  The  cytosolic  and  membrane  fractions 
were  purified  on  a  1  ml  packed  bed  volume  of  cellulose.  DE-52  (Sigma)  equilib¬ 
rated  with  20  mM  Tris-HCl.  pH  7.5  The  column  was  washed  with  15  ml  of 
buffer  B  and  after  addition  of  sample,  it  was  again  washed  with  6  ml  of  buffer 
B  PKC  activity  was  eluted  with  2  ml  buffer  B  containing  0.1  M  NaCI  Leu 
peptin  at  25  gg  ml  final  concentration  was  added  to  the  cluatc. 

PKC  activity  assay 

Kinase  activity  was  determined  by  the  transfer  of  ’"P  from  |y  ,:P]ATP  to  histone 
based  on  the  procedure  described  by  Thomas  et  at.  (21 ).  The  reaction  was  initiated 


<<-j  |RL  Press  Limited.  Oxford,  England 


135 


S.Y.Oh,  B.V.Madhukar  and  J.K.Trosko 


Fig.  1.  D\e  transfer  in  WB  cells  alter  10  min  incubation  with  different  concentrations  of  TPA.  Confluent  cells  in  serum-free  D  medium  were  exposed  to 
l At  0.1'?  ‘ethanol.  (Bi  1.6  nM  TPA.  (Cl  3.2  nM  TPA.  (Dl  8  nM  TPA.  (El  16  nM  TPA  and  lE)  80  nM  TPA 


by  the  addition  of  10  a?  phosphatidylserine  and  0.5  ag  1.2-diolein  followed  by 
50  |il  of  enzyme  preparation  to  reaction  mixture  containing  20  ntM  Tris-HCt. 
pH  7.5.  10  mM  magnesium  acetate.  0.4  mM  CaCl,.  UK) /iM  |v':P|ATP 
(  -  100  c.p.m./  pmol).  250  ng'ml  histone  III  S.  50  |tg/ml  leupeptm  in  a  total 
volume  of  200  |d  After  incubation  at  30°C  for  3  min  the  reaction  was  tenninated 
by  adding  1  ml  cold  255?  trichloroacetic  acid  (TCA)  and  left  overnight  at  4  C 
The  precipitate  was  collected  on  a  0.45  |i  Millipore  filler.  The  filters  were  wash¬ 
ed  four  times  with  2  ml  of  5 c<  TCA.  air-dried  and  the  radioactivity  quantitated 
in  a  liquid  scintillation  counter  Kinase  activity  was  expressed  as  the  difference 
between  '-P  incorporation  into  histone  in  the  absence  of  activators  from  that  in 
the  presence  of  activators  All  assays  were  done  in  triplicate.  Protein  was  deter¬ 
mined  by  the  method  of  Lowry  el  at.  (22). 

Results 

Effect  of  TPA  concentration  on  dye  transfer 
WB  cells  exposed  to  low  concentrations  of  TPA  (1.6  nM- 
160  nM)  for  1  h  blocked  gap  junctional  communication.  No,  or 
slight,  transfer  of  dye  was  observed  in  the  TPA-treated  cells  while 
control  cells  exposed  to  0. 1  %  ethanol  showed  dye  transfer  in 
8-12  rows  of  cells  on  either  side  of  the  scraped  line.  There  was 
no  difference  between  the  ethanol  control  and  untreated  WB  cells. 
Figure  1  shows  the  dose  response  of  different  concentrations  of 
TPA  on  WB  cells  after  10  min  exposure  to  the  tumor  promoter. 
A  plot  of  the  fluorescence  intensity  values  against  TPA  concen¬ 
trations  confirmed  the  dose  response  (Figure  2).  Very  slight 
blockage  was  observed  at  a  concentration  of  1 .6  nM  TPA.  There 
was  no  effect  at  0.8  nM. 

Time  course  of  TPA  effect  on  dye  transfer 

Blockage  of  intercellular  communication  by  TPA  in  WB  cells 

is  reversible.  Such  a  reversal  of  the  inhibitory  effect  of  TPA  was 


time-  and  dose-dependent.  Communication  in  WB  cells  treated 
with  160  nM  TPA  started  to  return  as  early  as  3-4  h.  By  6  h. 
the  cells  have  re-established  normal  levels  of  communication  in 
the  continued  presence  of  TPA  in  the  medium.  Similar  exper¬ 
iments  were  done  on  WB  cells  using  16  nM  TPA:  at  this  con¬ 
centration  of  TPA,  reversal  events  occurred  at  a  later  time,  about 
6  h,  and  normal  GJIC  was  restored  by  12  h  as  shown  in  Table  I. 

The  cells  were  exposed  to  a  second  treatment  of  1 60  nM  TPA 
for  10  min  after  a  12  h  pre-treatment  with  the  same  dose  of  TPA. 
No  inhibition  of  dye  transfer  was  observed  indicating  that  the 
pre-treated  cells  were  refractory  to  the  uncoupling  effect  of  TPA. 
Another  experiment  using  16  nM  TPA  with  a  second  treatment 
of  20  min  after  1 8  h  of  pre-treatment  confirmed  the  above  obser¬ 
vation. 

Temporal  relationship  between  PKC  translocation  and  GJIC 
blockage 

We  determined  the  blockage  of  intercellular  communication  and 
PKC  activation  at  different  time  intervals  following  treatment  of 
WB  cells  with  a  single  concentration  of  TPA  (16  nM).  Data 
presented  in  Table  II  clearly  indicate  that  in  untreated  cells  the 
majority  of  PKC  activity  was  recovered  from  the  cytosol .  In  TPA- 
treated  cells,  on  the  other  hand,  there  was  a  translocation  of  PKC 
from  cytosol  to  the  membrane  beginning  10  min  post -treatment. 
PKC  activity  in  the  particulate  fraction  reached  a  maximum  of 
about  5x  that  of  control  at  1  h,  then  fell  below  that  of  control 
level  at  6  h.  No  activity  was  detected  in  the  cytosolic  fraction 
at  this  time  point,  indicating  that  almost  all  activity  had  been 
translocated.  By  24  h  virtually  complete  disappearance  of  the 
kinase  was  observed  in  WB  cells  under  the  conditions  of  the 
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Fig.  2.  Dose  response  relationship  of  TPA  effect  on  GJ1C  in  WB  cells.  The 
experiment  was  described  in  Figure  I .  The  fluorescence  intensity  of  the  dye 
as  a  measure  of  cell -cell  communication  was  ploned  against  the 
concentration  of  TPA  used.  Each  point  represents  the  mean  ±  SE  of  at 
least  10  measurements. 


Table  1.  Time  course  of  TPA  effect  on  dye 

transfer 

Duration 

Fluorescence  intensity 

%  control 

0 

3.1  ±  0.9 

100 

10  min 

0.8  ±  0.3 

26 

1  h 

0.7  ±  0.2 

22 

6  h 

1.6  ±  0.4 

51 

12  h 

3.8  ±  0.7 

% 

18  h  +  TPA  20  min 

2.9  ±  0.5 

93 

WB  cells  incubated  in  16  nM  TPA  for  different  lengths  of  time. 

The  value 

of  the  control  at  each  time  point  was  similar  for  the  duration  of  the 

experiment.  Each  value  is  the 

mean  ±  SE  of  10  scans. 

Table  If.  Effect  of  TPA  treatment  on  subcellular  distribution  of  PKC 

in 

WB  cells  over  a  24  h  duration 

TPA  treatment  duration 

PKC  activity  (pmol/min/mg  protein) 

Particulate 

Cytosol 

Sum 

Control 

205 

1360 

1565 

10  min 

394 

654 

1048 

30  min 

637 

320 

957 

1  h 

1027 

375 

1402 

6  h 

90 

0 

90 

12  h 

100 

0 

100 

24  h 

22 

0 

22 

Confluent  flasks  of  WB  cells  were  incubated  in  the  presence  of  lb  nM  TPA 
for  different  times.  PKC  activity  was  determined  following  DEAE -cellulose 
chromatography  of  cytosol  and  detergent. solubilized  particulate  fractions  as 
described.  Results  are  the  average  of  two  experiments  at  each  time  point 
PKC  assay  was  done  in  triplicate 


Table  III.  Effect  of  PC  on  TPA-induced  blockage  of  dye  transfer 


Treatments 

Fluorescence  intensity 

x  itr1  ±  se 

9f  control 

Untreated 

2.6  ±  1.0 

TPA 

0.7  ±  0.4 

27 

PC.  2.3  gM 

3.4  ±  0.9 

PC  +■  TPA 

1.5  ±  0.7 

44 

PC.  11.5  g M 

2.5  ±  0.9 

PC  +  TPA 

2.0  ±  1.0 

80 

PC.  23  gM 

2.3  ±  0.6 

PC  +  TPA 

2.4  ±  0.7 

100 

WB  cells  incubated  with  different  concentrations  of  PC  and 

16  nM  TPA  for 

1  h.  PC  was 

scans. 

added  followed  by  TPA.  Each  value  is  the  mean  ±  SE  of  10 

Table  IV.  Effect  of  TMB-8 

on  TPA-induced  blockage  of  dye  transfer 

Treatments 

Fluorescence  intensity 

Vi  control 

x  I04  ±  SE 

Untreated 

2.2  ±  0.7 

TPA 

0.5  ±  0  3 

22 

TMB-8 

1.8  ±  0.8 

TMB-8  +  TPA 

15  ±  0.5 

83 

WB  cells  incubated  in  100  a M  TMB-8  and  lb  nM  TPA  for  30  min.  TMB-8 
was  added  followed  by  TPA  Each  value  is  the  mean  ±  SE  of  10  scans. 


experiment.  A  comparison  with  the  data  in  Table  I  showed  that 
translocation  of  PKC  to  the  particulate  fraction  appears  to  corre¬ 
spond  closely  to  blockage  of  GJIC  in  WB  cells  up  to  1  h.  By 
6  h  about  50%  of  the  communication  had  returned,  with  normal 
communication  level  by  12  h  corresponding  to  the  loss  of  most 
of  the  detectable  PKC  activity  in  the  cells.  No  detectable  PKC 
activity  was  found  in  cells  treated  with  TPA  for  24  h. 

PKC  inhibitors.  GJIC  blockage  and  kinase  translocation 
To  further  verify  that  PKC  may  be  involved  in  blockage  by  GJIC. 
two  inhibitors  of  PKC.  PC  and  TMB-8.  were  used.  PC  was 
reported  to  inhibit  the  activation  of  PKC  in  bovine  heart  (23,24) 
and  in  HL-60  cells  (25,26).  Table  III  shows  the  result  of  exper¬ 
iments  done  with  three  different  concentrations  of  PC.  PC  was 
added,  followed  by  TPA  (16  nM)  and  left  at  37°C  for  1  h  to 
determine  if  PC  could  inhibit  the  TPA-induced  blockage  of  GJIC. 
Under  the  conditions  of  the  experiment.  PC  did  not  block  GJIC 
over  the  concentration  range  used.  Some  protection  from  TPA- 
induced  blockage  was  observed  with  cells  treated  with  2.3  gM 
PC;  when  the  concentration  was  raised  to  1 1 .5  pM  almost  com¬ 
plete  protection  was  observed. 

TMB-8,  an  intracellular  calcium  antagonist  (27).  has  also  been 
reported  to  inhibit  PKC  activation  (28.29).  Table  IV  shows  the 
result  of  experiments  using  100  pM  TMB-8  in  combination  with 
16  nM  TPA  incubated  at  37°C  for  30  min.  TMB-8  alone  did 
not  appear  to  alter  GJIC  in  these  cells.  When  used  with  TPA. 
the  cells  were  again  almost  completely  protected  by  the  TPA- 
induced  blockage  of  GJIC. 

We  then  compared  the  effect  of  the  two  inhibitors  on  PKC 
activation  in  WB  cells  under  the  conditions  where  the  inhibitors 
protect  the  TPA-induced  blockage  of  GJIC.  Table  V  shows  that 
PC.  when  co-administered  with  TPA.  reduced  translocation  of 
PKC  when  compared  with  that  translocated  by  TPA  alone,  indi¬ 
cating  that  PC  could  counteract  the  action  of  TPA  mediated  by 
PKC.  No  activity  was  detected  in  cells  treated  by  PC  alone. 
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Table  V.  Comparison  of  TPA.  PC  and  TMB-8  effect 
associated  PKC  (particulate  fraction)  in  WB  cells 

[  on  membrane- 

T  reatments 

Particulate  fraction 

PKC  activity 
(pmol/min/mg  protein) 

Untreated 

336 

TPA  1  h 

1479 

PC  1  h 

0 

PC  +  TPA  1  h 

559 

Untreated 

245 

TPA  30  min 

708 

TMB-8  30  min 

0 

TMB-8  +  TPA  30  min 

0 

Concentrations  used  were  as  follows:  TPA.  160  nM;  PC.  23  ^M:  TMB-8. 
100  fiM.  Results  are  values  obtained  from  two  experiments  using  one 
150-cnr  flask  of  WB  cells  per  treatment.  Activity  assay  was  done  in 
triplicate. 

suggesting  a  possible  loss  of  the  constitutive  membrane-associated 
PKC  in  the  treated  cells.  It  is  also  possible  that  the  effect  of  PC 
on  the  redistribution  of  PKC  is  not  a  simple  unidirectional  trans¬ 
location  of  the  enzyme  from  cytosol  to  membrane  in  these  cells. 
In  the  TMB-8  experiment  no  activity  was  detected  either  in  the 
control  (TMB-8  alone)  or  in  the  treatment  in  combination  with 
TPA. 

Discussion 

The  results  obtained  in  this  study  seem  to  implicate  PKC  acti¬ 
vation  in  the  TPA-induced  GJIC  blockage  in  WB  cells.  In  ad¬ 
dition.  the  ability  of  this  liver  cell  culture  to  transfer  Lucifer 
yellow  rapidly  makes  this  a  useful  in  vitro  system  for  the  study 
of  cell  communication  via  gap  junctions.  nM  quantities  of  TPA 
rapidly  blocked  GJIC  in  these  cells  with  no  apparent  cytotoxicity 
and  the  degree  of  blockage  varied  with  the  dose  and  duration 
of  TPA  treatment.  TPA-induced  blockage  of  junctional  communi¬ 
cation  was  transient  and  corresponded  well  with  the  initial  trans¬ 
location  of  PKC  from  the  cytosol  to  the  membrane.  This  was 
followed  by  a  decrease  in  membrane-associated  PKC  and  a  sub¬ 
sequent  depletion  of  total  PKC  in  24  h.  The  process  of  de- 
sensitization  of  TPA  has  been  well-noted  in  different  cell  types 
studied  (30-32).  Depletion  of  PKC  activity  by  prolonged  TPA 
treatment  essentially  corresponded  to  blockage  of  cell -cell 
communication  in  WB  cells.  This  was  further  ascertained  in  cells 
pre-treated  for  16  h  where  a  second  dose  of  TPA  did  not  block 
GJIC.  The  recovery  of  TPA-induced  blockage  of  cell  communi¬ 
cation  in  liver  cells  has  also  been  reported  by  others  (33.34). 

Although  it  is  possible  that  treatment  with  TPA  has  other  effects 
on  the  cells,  depletion  of  PKC  seems  the  most  likely  reason  given 
the  above  observations  and  the  known  involvement  of  PKC  in 
phorbol  ester  responses.  TPA  has  also  been  implicated  in  the 
induction  of  free  radical  generation  (46,47)  which  could  block 
junctional  communication  by  an  oxidative  mechanism.  CCI4 
which  generates  free  radicals  in  hcpatocytc  culture  causes  un¬ 
coupling  of  the  cells  at  450  gM  (48).  H:0:  blocked  junctional 
communication  at  gM  concentrations  in  WB  cells  (J. Hewitt, 
personal  communication).  In  monocytes,  the  amount  of  measur¬ 
able  superoxide  induced  by  10  nM  TPA  is  in  the  order  of  I  nmol/ 
min/106  cells  (44).  The  high  amounts  of  free  radicals  required 
to  block  GJIC  in  the  known  cases  makes  it  highly  unlikely  that 
nM  concentrations  of  TPA  used  in  this  study  would  generate 
sufficient  free  radicals  to  block  GJIC  by  an  oxidative  mechanism. 


Thus  the  temporal  relationship  between  the  effect  of  TPA  on 
GJIC  and  PKC  suggests  that  PKC  activation  may  be  important 
in  regulating  gap  junction  function  in  WB  cells.  Furthermore, 
these  results  help  to  explain  why  TPA  did  not  seem  to  inhibit 
metabolic  co-operation  in  these  WB  cells  (35).  Since  the  metabolic 
co-operation  assay,  which  is  a  gap-junction-dependent  process 
(36).  is  carried  out  over  a  3-day  period  before  the  6-thioguanine- 
sensitive  cells  die  from  treatment,  the  reversal  of  inhibition  of 
communication  would  restore  metabolic  co-operation,  thereby 
leading  to  the  death  of  6-thioguanine-resistant  cells. 

PC  and  TMB-8.  both  known  PKC  inhibitors,  counteracted  TPA 
action  on  gap  junctional  blockage.  PC  was  partially  effective  in 
preventing  the  blockage  by  TPA  at  2.3  gM  and  almost  completely 
abolished  TPA  effect  at  higher  concentrations.  These  concen¬ 
trations  are  still  below  those  which  have  been  reported  to  inhibit 
Na+,K*-ATPase  (37).  The  activation  ol  Na '  ,K  *-ATPase  by 
TPA  is  a  relevant  consideration  as  it  could  lead  to  accumulation 
of  intracellular  Na*  which  can  increase  mitochondrial  release 
of  Ca:*  (38).  Since  Na*  .K  *-ATPase  stimulation  requires  gM 
concentration  of  TPA  (39).  it  is  unlikely  that  the  enzyme  was 
activated  at  the  TPA  concentrations  used  in  this  study.  Thus  the 
results  with  TMB-8  suggest  that  inhibition  of  TPA-induced  block¬ 
age  of  GJIC  involves  mechanisms  other  than  Ca:*  regulation. 
This  compound,  which  was  also  reported  to  inhibit  PKC  (28) 
at  concentrations  used  in  this  study  (100  gM).  could  have  blocked 
TPA  action  by  inhibiting  the  activation  of  PKC  in  WB  cells. 

Some  indirect  evidence  may  be  provided  to  answer  whether 
PC  or  TMB  8  compete  for  binding  to  the  phorbol  ester  receptor 
inhibiting  TPA  action  on  gap  junctional  blockage.  PC  at  30  gg/ml 
(69  nM)  was  shown  to  inhibit  50%  of  ['Hjphorbol  dibutyrate 
(PDBu)  binding  in  Friend  leukemic  cells  and  Chinese  hamster 
V79  cells  (40).  This  concentration  was  much  higher  than  the  dose 
effective  for  preventing  TPA-induced  gap  junctional  blockage 
in  WB  cells.  Addition  of  either  PC  or  TMB-8  30  min  prior  to 
addition  of  TPA  did  not  prevent  the  blockage  more  effectively 
(data  not  shown).  Moreover.  TPA  was  100-fold  more  active  than 
PDBu  for  binding  to  ceils.  Hence  its  ability  to  displace  PC  or 
TMB-8  makes  interaction  at  the  receptor  level  relatively  unlikely 
to  explain  the  action  of  these  compounds.  PC  being  hydrophobic 
could  readily  insert  into  the  cell  membrane  (41 )  and  interact  with 
enzyme(s)  requiring  lipid  substrates  or  co-factors  (23.42.43) 
or  alter  fluidity  of  the  plasma  membrane  and  hence  enzyme  ac¬ 
tivities. 

PC  partially  inhibited  the  activation  of  PKC  induced  by  TPA 
in  intact  WB  cells.  It  is  interesting  to  note  that  PC  itself  causes 
the  disappearance  of  the  constitutive  pool  of  membrane-associated 
PKC.  This  loss  could  be  due  to  the  inactivation  of  the  enzyme 
by  PC  or  its  translocation  into  the  cytosol  as  has  been  observed 
with  the  effect  of  conA  (44).  Inactivation  of  the  membrane- 
associated  PKC  activity  by  PC  has  been  reported  in  intact  pan¬ 
creatic  acini  cells  (45).  It  is  conceivable  that  a  distinct  pool  of 
membrane-associated  PKC  may  be  involved  in  the  TPA-induced 
blockage  of  GJIC  and  PC  or  that  similar  compounds  counteracted 
the  action  of  the  enzyme  to  prevent  the  blockage.  TMB-8  com¬ 
pletely  depleted  PKC  in  the  particulate  fraction,  even  in  the  pres¬ 
ence  of  TPA.  suggesting  that  translocation  from  the  cytosol,  if 
any.  was  effectively  blocked.  Further  studies  on  the  mechanism(s) 
of  action  of  these  compounds  arc  required  to  understand  more 
fully  the  TPA-induced  blockage  of  cell -cell  communication. 
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